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Abstract Increasingly historic masonry buildings are subjected to higher levels of traffic and rail 
vibrations due to urbanization and population growth. Deterioration and destabilisation of these 
buildings may result, especially if they were previously damaged (e.g. earthquakes or settlement 
problems). To better understand building response, vibration measurements were conducted on the 
Little Hagia Sophia Mosque, located adjacent to Istanbul’s Sirkeci-Halkali railway line. 
Transport-induced vibrations were recorded at several points on the ground and building. Attenuation 
characteristics in the ground and amplification features on the building were examined. Peak particle 
velocities often exceeded previously established thresholds for human perception and in some cases 
for structural damage. These are evaluated with respect to the building’s condition. 

Keywords: Traffic-induced vibration, train vibration, building vibration, rail traffic, historical building, 
cultural heritage, masonry building 

Introduction 

Transport-induced vibrations are a common and frequent concern around the world. Variations in the 
contact forces between wheel and road or tracks create ground vibrations. These produce stress 
waves, which propagate through soil and reach nearby building foundations, causing them to vibrate. 
Improved wave attenuation and transmission characteristics are needed to be better understood to 
mitigate complaints, most are which are inhabitant discomfort, although structural damage and 
malfunctioning of sensitive equipment may also occur.  

Background 

Several theoretical models have been presented for prediction of the propagation of rail-induced 
ground vibrations. Verhas proposed the line source model, the point source model, and the 
superposed model (Verhas 1979). Each model’s efficiency depends on different soil characteristics 
and the determination of the amount of energy carried by different wave types was difficult to 
identify. Dawn and Stanworth (Dawn and Stanworth 1979) reported difficulties in wave propagation 
modelling since the ground is heterogeneous including stratifications and discontinuities, which cause 
additional modes of vibration propagation along the interfaces. Their track-side vibration 
measurements showed that both the vibration levels and the manner in which the level decays with 
distance varied in a way which has so far defied prediction. Soil properties, soil profile, and site 
topography may greatly influence vibration levels. Levels increase as soil stiffness and damping 
decrease, as demonstrated by Auersch (Auersch 2008), where shear wave speed was 300m/sec for 
stiff and 30m/sec for soft soil (both with 5% material damping); low-frequency amplitudes 100 times 
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higher in soft soil, and track displacements 35 times higher than in stiff soil. Additionally, seasonal 
variations and moisture content impact transmission. Vibrations are of particular concern in historic 
structures, where materials may be deteriorated and the structural system hard to assess (Crispino and 
D'Apuzzo 2001). Monitoring of an early 19th century masonry building adjacent to a major road in 
Naples, Italy showed that the ISO 2631 (1989) perception threshold for peak particle velocity (PPV) 
(0.14mm/s) was exceeded for all acquired data, and in some cases the vibration level exceeded the 
lowest damage PPV threshold found in the literature (1mm/s) (Domenichini et al 1998). 

Train-induced Vibration Measurement on Little Hagia Sophia Mosque  

As part of a larger study to investigate some of these issues, a vibration measurement program was 
performed on the masonry structure Little Hagia Sophia Mosque (built 527-536 A.D.) in Istanbul, 
Turkey. Although previous analyses of the building have been published (Yuzugullu and Durukal 
1994, Arun and Aköz 2003, Arun 2001), transmission characteristics of nearby rail-induced 
vibrations have not been presented before. The Mosque is located in the district of Eminonu in 
Istanbul, close to the Marmara Sea from which it is separated by the Sirkeci-Halkalı railway line and 
the coastal road (Fig. 1). The site soil is composed of clay and marl of early Pliocene period. It is a 
cohesive type of soil composed of fine particles. A plan view of the building and the proximity to the 
transport lines, along with instrumentation in the garden of the mosque can be seen in Fig. 2.  At their 
closest points, the mosque is 4.8 m from the railway line. Two tests are presented herein. 
 

  

Figure 1: Bird’s eye view of Little Hagia Sophia Mosque 

For Test 1, within the physical constraints of the site, an area was chosen where 4 instruments could 
be placed in a straight line. For each passing train, ground vibration measurements were taken at 4 
equidistant offsets from the railway. Seismographs are labelled as A-D, and each preceding number 
indicates the test (e.g. 1A means instrument A in Test 1).  Instrument A was the closest seismograph 
to the railway, while instrument D was the furthest (Fig. 3a). For Test 11, instrument C was placed 
next to the structure and A and D were placed in windows of ground and first floor respectively, while 
B was placed on the mid-slab close to the railway line to evaluate floor vibrations (Fig. 3b). 

Three perpendicular components of train-induced ground motions (east-west, north-south, and 
vertical) of a total of 7 trains were measured: 3 trains in the garden during Test 1 and 4 trains on the 
structure during Test 11. During measurements, 4 ultra-lightweight, three-component digital output 
seismometers (CMG-6TD) were used. The seismometers are ideally suited for sites where there is 
medium level of background vibrations. Sampling rate was assigned at 500/sec to allow a broad range 
analysis of vibration frequency content. Daily, 118 suburban trains cross the site (1 approximately 
every 10 minutes) (2010). These transport 65,000-75,000 people using trains of 6 cars – 2 of which 
are locomotives, which pull from either end depending upon journey direction. The train weighs 
3,200kN (carriage axle weight 140kN and 4-axle locomotives 160kN). Importantly, although train 
velocity varies 70-90km/h, vibrations on the ground and buildings can differ greatly as previously 
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shown by Xia et. al. (Xia et al. 2005) who reported train speed increases from 60km/h to 80km/h, 
increased maximum ground level vibration by 23%. 
 

 
(a) Overview 

 
(b) Sample instrumentation in the garden (c) Proximity of the mosque to the railway line 

Figure 2: Close-up of Little Hagia Sophia Mosque 

  
 (a) Test 1  (b) Test 11 

Figure 3: Measurement points locations 

Discussion 

Peak particle velocities in 3 vertical directions at each point for 3 trains are presented for Tests 1 and 
11 (Figs. 4 and 5, respectively). In Fig. 4, ground surface wave transmission patterns comprised 2 
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regions. Up to ~25m from the source, amplitudes varied significantly depending on train input, thus 
representing a critical region. Beyond this point, response was quite uniform, although of 
importance’s is that in this second region amplitudes exceeded 0.3mm/sec, putting them within 
human perception and possible structural damage, if building amplification occurs (Erkal et al. 2010). 
Vertical vibration components were slightly larger than the east-west and north-south components. 
This is attributable to the fact that Rayleigh waves predominate on the ground surface, and their 
vertical components are dominant over horizontal components. Moreover, the anisotropy and 
heterogeneity of the soil may also cause that (Richart et al. 1970).  
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(c) Vertical 

Figure 4: Wave transmission of train-induced ground vibrations during Test 1 

Additionally, an amplification zone in the ground was discovered 35-45m from the source (Fig. 4). 
Similar to that reported by Xia et al. (Xia et al. 2005). Such amplification zones may be critical during 
design. Furthermore, source vibration levels varied greatly (Fig. 4). For example, vertical vibration 
level differences between trains 1 and 2 in Test 1 was about 62%. The variation is mostly attributable 
to train speed (generally varying 70-90km/h) as equipment and live loading changed little as reported 
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by Xia et al. (Xia et al. 2005). Measurements of ground-borne vibrations showed slight dominance of 
the vertical component on the ground (Fig. 4). This was more noticeable in falling weight studies 
(Watts 1992). However, in this study, as horizontal components are not negligible and may cause 
horizontal vibrations of building when they interact with high frequency modes of structures as 
explained by Erkal et al. (Erkal et al. 2010). Additionally, the ground vibrations presented in this 
study are the peak particle velocities recorded for each passing train at different distances. Therefore 
they can be regarded as building foundation level valued for further investigation of building and 
human response (Hao et al. 2001).  

Most codes and studies rely on a maximum PPV to evaluate the severity of traffic-induced 
vibrations. Fig. 5 depicts PPV values of vibrations on the building (Test 11). Although the PPV are 
not sufficiently large to generate severe structural damage, in some cases the vibration levels 
exceeded the lowest damage PPV threshold found in literature (1mm/sec) (Domenichini et al. 1998), 
All PPV values were larger than 0.3mm/sec as perceptible to human body (1989) and many of them 
larger than 0.8mm/sec as distinctly perceptible (Wiss 1981). Furthermore, in each direction, mid-slab 
vibrations predominate, due to the flexibility of the slab compared to heavy carrying system of the 
masonry building. Vibration levels was as high as 2.65mm/sec on mid-slab on the first floor and 
2.06mm/sec on the structural core of the building. Since human beings are very sensitive to 
traffic-induced vibrations and are often disturbed by intensities well below those required to 
overstress structures, in the retrofit of old masonry structures, human response to traffic-induced 
vibrations should be considered as a serviceability limit state. 

 

V
ib

ra
ti

on
 l

ev
el

s 
(m

m
/s

ec
) 

0

0.3

0.6

0.9

1.2

1.5

1.8

2.1

2.4

2.7

3

Train 1 Train 2 Train 3 Train 4E
as

t-
w

es
t 

v
ib

ra
ti

o
n

 le
v

el
s 

(m
m

/s
ec

)

11C 11A 11D 11B

 
(a) East-west 

V
ib

ra
ti

on
 l

ev
el

s 
(m

m
/s

ec
) 

0

0.3

0.6

0.9

1.2

1.5

1.8

2.1

2.4

Train 1 Train 2 Train 3 Train 4N
o

rt
h

-s
o

u
th

 v
ib

ra
ti

o
n

 l
ev

el
s 

(m
m

/s
ec

)

11C 11A 11D 11B

 
(b) North-south 

V
ib

ra
ti

on
 l

ev
el

s 
(m

m
/s

ec
) 

0

0.3

0.6

0.9

1.2

1.5

1.8

Train 1 Train 2 Train 3 Train 4

V
er

ti
ca

l 
v

ib
ra

ti
o

n
 l

ev
el

s 
(m

m
/s

ec
)

11C 11A 11D 11B

 
(c) Vertical 

Figure 5: Vibration levels on the structural system of the Mosque during Test 11 
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Conclusions 

Efforts to increase public transportation may have the intended consequences of generating higher 
ground vibrations and negatively impacting architectural heritage, especially unreinforced masonry 
structures give their low tensile strengths. To better understand such potential vulnerabilities, a field 
study was performed on Little Hagia Sophia Mosque, Istanbul, Turkey. The study included the 
measurement of traffic-induced ground vibrations in the garden and on the structural system of the 
heritage building. Potentially critical peak particle velocities were found as far as 60m, with a high 
level of variability within the first 25m from the source and a small amplification zone 30-45m from 
the source. Given that buildings can also amplify vibrations, establishment of critical zone must be 
considered with care as well as full consideration of lateral as well as vertical vibration components. 
In general vibration records on the building showed that PPV values were perceptible and may present 
structural damage over time. 

References 

[1] (2010) The TCDD website. [Online]. Available: http://www.tcdd.gov.tr/ 
[2] Arun, G (2001). “Investigation on Küçük Ayasofya Mosque in Istanbul,” Site Control and 

Non-destructive Evaluation of Masonry Structures and Materials, RILEM TC177MDT 
workshop Mantova, Italy. 

[3] Arun, G and Aköz, F (2003) “Diagnostic Studies on Küçük Ayasofya Mosque – The Church of 
Sts Sergius and Bacchus,” in International Conference on Construction, Cluj, Romanya. 

[4] Auersch, L (2008). “The effect of critically moving loads on the vibrations of soft soils and 
isolated railway tracks.” J. Sound and Vibration, 310(3), 587-607. 

[5] Crispino, M, and D'Apuzzo, M (2001). “Measurement and prediction of traffic-induced 
vibrations in a heritage building.” Journal of Sound and Vibration, 246(2), 319-335. 

[6] Dawn, T M, and Stanworth, C G (1979). “Ground vibrations from passing trains.” J. Sound and 
Vibration, 66(3), pp. 355-362. 

[7] Domenichini, L, Crispino, M, D'apuzzo, M and Ferro, R (1998). “Road traffic Induced noise and 
vibration,” in Proceedings of the XXIII PIARC Road National Conference, Italy, pp. 69-118. 

[8] Erkal, A, Laefer, D, and Fanning, P (2010). “Analyses and evaluation of building response to 
traffic-induced vibrations and related human disturbance,” The Transportation Research Board 
(TRB) 89th Annual Meeting, Washington, D.C., January 10-14. 

[9] Hao, H, Ang T C and Shen J (2001). “Building vibration to traffic-induced ground motion.” 
Building and Environment, 36(3). 321-336. 

[10] Int’l Standard Organization (ISO), (1989) Standard 2631-2, Evaluation of human exposure to 
whole-body vibration Part 2: Continuous and shock-induced vibration in buildings (1-80 Hz). 

[11] Richart, F E, Hall, J R and Woods, R D (1970). “Vibrations of Soils and Foundations.” 
Prentice-Hall, Inc., New Jersey. 

[12] Verhas, H P (1979). “Prediction of the propagation of train-induced ground vibration.” 
J. Sound and Vibration, 66(3), 371-376. 

[13] Watts, G R (1992). “Generation and propagation of vibration in various soils produced by the 
dynamic loading of road pavements.” J. Sound and Vibration, 156(2), 191-206. 

[14] Wiss, J F (1981). “Construction Vibrations: State-of-the-art.” J. Geotechnical Engineering 
Division, 107(GT2), 167-181.  

[15] Xia, H, Zhang, N and Cao, Y M (2005). “Experimental study of train-induced vibrations of 
environments and buildings.” J. Sound and Vibration, 280(3-5), 1017-1029. 

[16] Yuzugullu, O, and Durukal, E (1994). “The Effects on Train Traffic on Küçük Ayasofya 
Mosque,” in Proc. of the Int. Conf. on Studies in Ancient Structures, İstanbul, Turkey  

Conclusions 

Efforts to increase public transportation may have the intended consequences of generating higher 
ground vibrations and negatively impacting architectural heritage, especially unreinforced masonry 
structures give their low tensile strengths. To better understand such potential vulnerabilities, a field 
study was performed on Little Hagia Sophia Mosque, Istanbul, Turkey. The study included the 
measurement of traffic-induced ground vibrations in the garden and on the structural system of the 
heritage building. Potentially critical peak particle velocities were found as far as 60m, with a high 
level of variability within the first 25m from the source and a small amplification zone 30-45m from 
the source. Given that buildings can also amplify vibrations, establishment of critical zone must be 
considered with care as well as full consideration of lateral as well as vertical vibration components. 
In general vibration records on the building showed that PPV values were perceptible and may present 
structural damage over time. 
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